INTRODUCTION
The ruminal epithelium facilitates the absorption of minerals (Gäbel et al., 1993; Leonhard-Marek et al., 2007 ) and short-chain fatty acids (SCFA; Bergman, 1990; Gäbel et al., 2002) and prevents the translocation of antigens [e.g., lipopolysaccharides (Emmanuel et al., 2007) and histamine ] and pathogenic bacteria (Owens et al., 1998; Nagaraja et al., 2005) . The importance of selective permeability increases when feeding highly fermentable diets as there is greater production of SCFA and potential for compromised barrier function because of high osmolarity (Schweigel et al., 2005) and low ruminal pH (Penner et al., 2010) . Strategies to enhance selective permeability could help to improve performance and rectify problems associated with feeding highly fermentable diets.
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1991; Gorka et al., 2009) , arterial blood fl ow (Sellers et al., 1964) , and fractional absorption rates of SCFA in vivo (Krehbiel et al., 1992; Kristensen and Harmon, 2004) and, in monogastrics, enhances epithelial barrier function in the colon or colon-derived cell monolayers (Mariadason et al., 1999; Suzuki et al., 2008; Peng et al., 2009) . Whereas short-term incubations with butyrate may enhance SCFA absorption in ruminants, the effects of long-term supplementation on ruminal epithelial function have not been determined. Furthermore, it is not known whether butyrate has a promoting effect on barrier function in ruminal epithelia.
Our objective was to determine the effects of feeding supplemental butyrate on the absorptive and barrier functions of the isolated ovine ruminal epithelia. We hypothesized that providing supplemental butyrate would improve the selective permeability.
MATERIALS AND METHODS
All experimental procedures were reviewed and approved by the University of Saskatchewan Animal Research Ethics Board (protocol no. 20100021) before the initiation of the study. The care and use of the lambs in this study were in accordance with the guidelines of the Canadian Council of Animal Care (Ottawa, ON, Canada).
Experimental Design
Eighteen Suffolk wether lambs, approximately 4 mo of age, from the University of Saskatchewan sheep fl ock were used for this study. Before the start of the study, lambs had ad libitum access to a concentrate pellet (Table 1) and grass hay. Lambs were stratifi ed by BW (initial BW of 47.4 ± 1.4 kg) and, within strata, randomly assigned to 1 of 3 treatments. Dietary treatments were the control (CON) or Na-butyrate (Sigma Aldrich, St. Louis, MO) inclusion rates of 1.58% or 3.16% of the dietary DM, achieved by replacing an equal proportion of the pellet (Table 1) . These treatments equated to diets with supplemental butyrate concentrations of 0%, 1.25%, and 2.50% on a DM basis. The butyrate doses used correspond to those used by Huhtanen et al. (1993) in dairy cattle. A wide range in dietary butyrate concentration was chosen to develop a repeatable experimental model to evaluate the response of butyrate on the ruminal epithelia. At the start of the study, lambs were weighed and placed in individual pens (1.5 × 1.5 m ) with rubber mats on the fl oor. Feed was offered at 3.0% of the initial BW, with the diet containing 90% pellet and 10% barley silage on a DM basis (see Table 1 ). Silage DM was determined twice weekly, and DM values were used to adjust, if required, the amount of each ingredient offered to maintain a constant forage-to-concentrate ratio.
The study consisted of a 7-d diet adaptation period followed by a 14-d treatment administration period. Thus, from d 8 to 21, butyrate was provided at 0830 h by mixing the Na-butyrate allocation with 50% of the daily silage allocation. Lambs not receiving supplemental butyrate (i.e., CON) were fed 50% of their silage allocation at 0830 h. The remainder of the diet was offered at 1030 h after all the feed offered initially had been consumed. This strategy was employed to ensure lambs consumed all supplemental butyrate within a narrow time range. A 14-d treatment period was deemed adequate as Etschmann et al. (2009) observed that the vast majority of the functional adaptation (greater than 73% of the total adaptive response) of ruminal epithelia occurred within the fi rst week after dietary change.
Sample Collection
On d 21 lambs were provided their treatment with 50% of their silage allocation at 0830 h but were not provided with the remainder of their diet. At 1000 h, blood was collected from the jugular vein into a 10-mL evacuated vial containing 143 IU units of Na-heparin (BD Vacutainer, Franklin Lakes, NJ) and was immediately placed on ice. Approximately 30 min after collection, blood was centrifuged at 2,500 × g at 4°C for 15 min. Harvested plasma was stored at −20°C and was subsequently used for determination of glucose using a colorimetric reaction based on glucose oxidase-peroxidase (catalog number P7119; Sigma, St. Louis, MO) and dianisidine dihydrochloride (catalog number F5803; Sigma). Plasma β-hydroxybutyrate (BHBA) concentration was determined by measuring the color change resulting from the oxidation of BHBA to acetoacetate catalyzed by 3-hydroxybutyrate dehydrogenase (catalog number H6501; Roche, Mississauga, ON, Canada).
Immediately after blood collection, lambs were killed via captive bolt stunning and exsanguination. The abdominal cavity was opened, and a 100-cm 2 piece of rumen epithelium (ventral sac) was collected for mounting in Ussing chambers (Kiran et al., 2011; Harvard Apparatus, Holliston, MA) . A representative sample of rumen digesta was strained through 2 layers of cheesecloth, and a sample of the ruminal fl uid was preserved in 25% (wt/vol) metaphosphoric acid (5 mL ruminal fl uid:1 mL metaphosphoric acid) and stored at −20°C until being analyzed for SCFA concentration as described by Kiran and Mutsvangwa (2007) . To facilitate the Ussing chamber measurements, only 1 lamb was killed each day. Thus, the starting date of the study was staggered so that all lambs were exposed to the same experimental protocol.
Ussing Chamber Measurements
Buffer Solutions. The buffers used for washing, transport, and Ussing chamber tissue incubation contained these analytical-grade chemicals purchased from Sigma Aldrich, with the number in parentheses indicating the concentration (mmol/L): CaCl 2 (2), MgCl 2 (1), L-lactic acid (5), Na 2 HPO 4 (2), NaH 2 PO 4 (1), KCl (5), NaCl (30), L-glutamine (1), Na-gluconate (45), mannitol (1), glucose (10), HEPES (10), Na-acetate (15), Napropionate (15), and NaHCO 3 (25). The pH of the buffer used in the mucosal and serosal sides of the Ussing chambers were adjusted to 6.2 and 7.4 (using 3 M gluconic acid or 1 M NaOH) in an effort to mimic normal pH values of the ruminal contents and blood, respectively. Buffers were continuously gassed with 95% O 2 /5% CO 2 and kept at 39°C. The transport buffer was also adjusted to pH 7.4, heated to 39°C, and gassed in a similar fashion.
Preparation of the Epithelia. The ruminal epithelium was washed in buffer solution until clean, and the mucosal layer was separated from the submucosal layers. The mucosal tissue was then placed in oxygenated transport buffer and taken to the laboratory where it was cut into 6 cm 2 sections and mounted in Ussing chambers exposing a surface area of 1.43 cm 2 with separate mucosal and serosal bathing solutions (10 mL/side). To prevent edge damage, silicon rubber rings were placed on both sides between the ruminal epithelia and the chamber (Gaebel et al., 1987) . The time from killing to mounting in Ussing chambers was completed in fewer than 45 min.
Electrophysiology. Transepithelial conductance was used as a measure of epithelial barrier function (Schweigel et al., 2005; Lodemann and Martens, 2006; Penner et al., 2010) . All epithelia were incubated under short-circuit conditions as previously described Penner et al., 2009) . Briefl y, voltage-sensing electrodes (Ag/AgCl; Physiologic Instruments, San Diego, CA) connected by agar bridges (3% agar in 3 M KCl) were used to measure the transepithelial potential difference across the tissue. Current was then applied using a voltage clamp device (VCC MC6 Multichannel Voltage/ Current Clamp, Physiologic Instruments) such that the transepithelial potential difference was maintained at 0 mV. Bipolar pulses of current were applied every 20 s for the determination of transepithelial conductance (G t ) as described by Penner et al. (2010) . All electrophysiological measurements were recorded by data acquisition software (Acquire & Analyze revision II, Physiologic Instruments) for the duration of the experiment.
Ussing Chamber Protocol. After mounting epithelia, 15 min was provided for stabilization of electrophysiology. Subsequently, a butyrate solution (500 mM) spiked with 1-14 C-butyrate was added to the mucosal ("hot") side of each Ussing chamber to yield a fi nal concentration of 10 mM butyrate (74 kBq/10 mL) for the determination of the mucosal-to-serosal fl ux of butyrate (J ms-butyrate ). The radioisotope was given 45 min to equilibrate (Sehested et al., 1996) . During the electrophysiology stabilization period, individual epithelia (total of 4 epithelia) were assigned to 1 of 2 treatments that were balanced on the basis of Gt. The ACID treatment consisted of mucosal acidifi cation from pH 6.2 to 5.2 using 200 μL of 3 M gluconic acid, whereas in the control treatment (SHAM), mucosal pH was maintained at 6.2. The basal mucosal pH value of 6.2 was chosen to represent normal ruminal pH conditions with acidifi cation to pH 5.2 used to represent ruminal acidosis (Penner et al., 2007 (Penner et al., , 2010 . Previous studies have also demonstrated that acidifi cation of the mucosal buffer to pH 5.2 increases the passive permeability of the ruminal epithelia under Ussing chamber conditions Penner et al., 2010) , thus allowing for an experimental approach to evaluate whether butyrate supplementation in vivo helps to promote selective permeability with carry-over effects observed ex vivo. A 10-min period was allotted for ex vivo treatment administration and a 60-min fl ux period (challenge) ensued thereafter, with samples being collected at the beginning and end of the fl ux period from both the hot (100 μL) and "cold" (500 μL) sides. These samples were then used to determine the fl ux rate as described below. An equivalent volume of fresh buffer was replaced after the cold sample was taken.
At the end of the challenge fl ux period, buffer solutions were drained and replaced with an equivalent volume (10 mL) of fresh buffer. As for the fi rst fl ux period, the butyrate solution (500 mM) spiked with 1-14 C-butyrate was added to the mucosal side to yield a fi nal concentration of 10 mM butyrate, but the isotope equilibration time was reduced to 5 min because the epithelia was already saturated with the 14 C-labeled butyrate. A second 60-min fl ux period (recovery) was conducted, and samples were then collected from the hot and cold sides as described above. All samples were placed in 20-mL scintillation vials with 10 mL of scintillation cocktail (Ready Safe Scintillation Cocktail, Beckman Coulter, Brea, CA) and read on a Multi Purpose Scintillation Counter (model LS6500, Beckman Coulter). The equation for calculating unidirectional fl ux (J ms ) has been described by Clarke (2009) and is as follows:
where V = volume of Ussing chamber buffer (mL), S = dpm/mL of samples taken at the beginning (S 1) and end (S2) of the fl ux period, dilution = dilution of the buffer after replacing sample fl uid, specifi c activity = the specifi c activity of the isotope on the hot side, surface area = area of exposed rumen epithelium (cm 2 ), and time = length of fl ux period (h).
Statistical Analysis
Data arising from in vivo measurements (BW, feed intake, and ruminal SCFA concentration) were analyzed as a randomized complete block design using the MIXED model (SAS Inst. Inc., Cary, NC). The model included the fi xed effect of treatment and random effect of animal nested within block.
Data from the Ussing chamber experiment were analyzed as a split-plot design with the random effect of animal nested within block and the fi xed effects of the in vivo treatment (main-plot factor; amount of Na-butyrate supplementation), ex vivo treatment (subplot factor; SHAM vs. ACID), ex vivo measurement period (challenge and recovery), and the 2-and 3-way interactions. The ex vivo measurement period was included in the model as a repeated measure. Various covariance error structures were evaluated, and the 1 that yielded the lowest Akaike's and Bayesian information criteria was used. Differences were declared signifi cant when P ≤ 0.05, and tendencies are discussed when 0.10 > P > 0.05. Means were separated using the Bonferroni mean separation test.
RESULTS

In Vivo Responses
Across treatments, initial lamb BW averaged 47.4 kg and was not different across treatments (Table 2) . Because the amount of feed offered was restricted to 3% of BW, no differences were observed for DMI during the 14 d when supplemental butyrate was provided. Despite the lack of differences for DMI, ruminal pH measured at slaughter tended (P = 0.07) to be greater for lambs fed 1.25% and 2.50% supplemental butyrate than for those fed no butyrate, whereas the total SCFA concentration was greater (P = 0.001) for lambs fed 2.50% butyrate than for those fed 1.25% or CON butyrate. This change in SCFA concentration was driven by a marked increase (P < 0.001) in the butyrate concentration, such that the concentration was, on a quantitative basis, 20.8 and 14.5 mM greater for lambs fed 2.50% butyrate compared with lambs fed 0% and 1.25% butyrate, respectively. When presented as a molar proportion, butyrate increased with increasing butyrate supplementation and accounted for 17.4%, 32.1%, and 50.1% of the total SCFA for lambs fed 0%, 1.25%, and 2.50% supplemental butyrate, respectively (P < 0.001; data not shown). Furthermore, plasma BHBA concentration was greater (P < 0.001) in lambs fed 2.50% butyrate compared with those fed 0% or 1.25%, but no treatment differences (P = 0.490) were observed for plasma glucose concentration.
Effect of in Vivo Butyrate Supplementation on Ruminal Epithelial Function in Ussing Chambers
Ruminal epithelia from lambs fed both 1.25% and 2.50% supplemental butyrate exhibited less (P = 0.013) J ms-butyrate compared with those not receiving butyrate (Table 3 ). The decrease was 0.91 and 0.79 μmol/(cm 2 ·h) for lambs fed 1.25% and 2.50%, respectively, with no difference between the 2 butyrate inclusion amounts. However, butyrate supplementation did not affect G t (P = 0.129). There was a tendency (P = 0.061) for an interaction between the butyrate supplementation and the ex vivo measurement period, where, during the challenge period, there were no differences in J ms-butyrate among treatments; however, epithelia from lambs supplemented with butyrate had less J ms-butyrate [2.45 and 2.85 μmol/(cm 2 ·h) for 1.25% and 2.50% butyrate, respectively] during the recovery period than epithelia from control lambs [3.92 μmol/(cm 2 ·h)].
Effect of ex Vivo Acidifi cation and Postacidifi cation Recovery on Ruminal Epithelial Function in Ussing Chambers
Differences for J ms-butyrate and G t (P < 0.007; Table 4 ) between the challenge and recovery periods were detected, including a reduction (P = 0.007) in J ms-butyrate during the recovery period compared with the challenge period. Furthermore, an interaction between the ex vivo treatment and ex vivo measurement period was detected for J ms-butyrate (P = 0.003; Figure 1 ). For epithelia exposed to the SHAM treatment, J ms-butyrate was not different between challenge and recovery periods; however, for epithelia exposed to ACID, J ms-butyrate decreased by 0.14 μmol/(cm 2 ·h) during the recovery period. Despite the decrease in J ms-butyrate across epithelia exposed to ACID, G t was greater (P < 0.001) during the recovery period than throughout the challenge period. A tendency for an interaction between the ex vivo treatment and ex vivo measurement period was detected for Gt, where during the challenge period Gt was not different for ACID and SHAM (3.48 vs. 3.57 ± 0.26, respectively) but during recovery Gt tended (P = 0.090) to be greater for ACID than SHAM (4.90 vs. 3.90 ± 0.26).
DISCUSSION
Butyrate is regarded as both an important nutrient for gastrointestinal tissues (Bergman, 1990; Britton and Krehbiel, 1993) and a signaling molecule shown to promote epithelial proliferation (Sakata and Tamate, 1978; Gorka et al., 2009 ) as well as acute affects promoting SCFA absorption measured in vivo (Krehbiel et al., 1992; Kristensen and Harmon, 2004) and in vitro (Sehested et al., 2000) . Studies using colonic epithelia from monogastric animals have revealed increased tight-cell junction formation (Bordin et al., 2004; Peng et al., 2009 ) and reduced pathogen translocation across isolated colonic epithelia when exposed to increased butyrate concentrations (Lewis et al., 2010) . Because of the documented benefi ts of butyrate on both ruminal epithelial absorptive function and colonic epithelial barrier function, we hypothesized that increasing the ruminal butyrate concentration would improve ruminal epithelial barrier and absorptive functions.
Our model of providing supplemental Na-butyrate as part of the diet was effective at increasing the ruminal concentration of butyrate without affecting the concentration of other SCFA. In addition, an increased concentration of BHBA in plasma from lambs supplemented with 2.50% butyrate confi rms the presence of increased ruminal butyrate available for absorption and epithelial metabolism. Means within a row with uncommon superscripts are different (P < 0.05).
1 Epithelia were subjected to two 1-h fl ux periods (challenge and recovery) with a 10-min period for treatment application. During the challenge period, epithelia were exposed to either SHAM (mucosal pH = 6.2) or ACID (mucosal pH 5.2). The pH of all serosal buffer solutions was 7.4. For the recovery period, both the mucosal (pH = 6.2) and serosal buffer solutions were replaced and radioactivity was added.
2 A signifi cant ex vivo measurement period × ex vivo treatment interaction (P = 0.003) was detected.
3 J ms-butyrate = mucosal-to-serosal fl ux of butyrate.
Although our approach to supplement Na-butyrate also resulted in increased Na + provision with the 1.25% and 2.50% butyrate, we are not aware of data showing that Na+ infl uences SCFA absorption. Rather, SCFA have a stimulatory effect on Na+ absorption (Uppal et al., 2003 ). An alternative supplementation approach would have been to include NaCl in the control treatment in an effort to balance for Na+ inclusion. However, this approach would have resulted in a Cl− gradient, and Cl− concentrations greater than 40 mM have been demonstrated to reduce SCFA absorption both in vivo and in vitro ). Although we effectively increased the ruminal butyrate content, the concentrations achieved are beyond values considered to be physiologically normal. A previous study evaluating the use of lactose to elevate ruminal butyrate concentration resulted in butyrate concentrations of up to 18 mol/100 mol, equating to a total butyrate concentration of 18.8 mM in ruminal fl uid (DeFrain et al., 2004) . This is much less than observed in the current study, where total butyrate concentrations exceeded 26 mM for the 2.50% butyrate treatment. However, DeFrain et al. (2004) used an esophageal tube and vacuum aspiration to extract a ruminal fl uid sample 4 h postfeeding on 2 consecutive d, whereas we collected a representative sample of ruminal fl uid 1.5 h after providing the Na-butyrate dose along with 50% of the daily silage allocation. It should be noted that the total silage allocation only accounted for 10% of the dietary DM. Thus, the increased butyrate and reduced total SCFA concentration observed in our study were likely exaggerated by collecting what could be considered a fasting ruminal fl uid sample spiked with the Na-butyrate supplement. Despite the hyperphysiologic butyrate concentration for the 2.50% butyrate treatment, our approach does provide a sound model to evaluate the effects of supplemental butyrate on ruminal epithelial function.
Previous studies investigating the effect of butyrate on performance (Huhtanen et al., 1993) or nutrient use by splanchnic tissues have used direct ruminal infusions (Krehbiel et al., 1992; Kristensen and Harmon, 2004) . The dose rates used in Huhtanen et al. (1993) were similar to those used in the current study when reported as a proportion of dietary DM. Likewise, the previously mentioned studies (Krehbiel et al., 1992; Huhtanen et al., 1993; Kristensen and Harmon, 2004 ) also found similar results, such as increased ruminal butyrate concentration and plasma BHBA with increasing butyrate dose. Collectively, these results suggest that both direct ruminal infusion and dietary supplementation are effective methods to increase ruminal butyrate concentration.
Absorptive Function
Previous studies have demonstrated that acute provision of butyrate results in greater rates of butyrate absorption across the ruminal epithelium. For example, Kristensen and Harmon (2004) used the washed reticulorumen technique with ruminal buffers containing 0, 4, 12, and 36 mM butyrate. They reported that the ruminal disappearance rate of butyrate and portal fl ux of butyrate and BHBA increased with increasing concentration of butyrate in the ruminal buffers. Likewise, using ruminal butyrate infusions, Krehbiel et al. (1992) demonstrated that as the amount of butyrate infused increased, the net portal fl ux of butyrate and BHBA increased. We also observed greater plasma BHBA concentrations for butyrate-supplemented lambs, implying that, quantitatively, more butyrate was absorbed and metabolized by the ruminal epithelium. However, in contrast, we observed that J ms-butyrate across the isolated ruminal epithelia actually decreased with butyrate supplementation. Furthermore, we detected a tendency for an interaction between the in vivo treatment and the ex vivo measurement period where J ms-butyrate was not different among treatments during the challenge period but tended to be lower in the recovery period for 1.25% and 2.50% supplementation relative to CON (data not shown). Although the use of 1-14 C-butyrate does not allow for the differentiation between the serosal appearance of butyrate or its metabolites, the ex vivo data clearly indicate a reduction in Figure 1 . Interaction between the ex vivo treatment and ex vivo measurement period for the mucosal-to-serosal butyrate fl ux (J ms-butyrate ) across the isolated ovine epithelia (n = 18). Epithelia were subjected to two 1-h fl ux periods (challenge and recovery) with a 10-min period for treatment application. During the challenge period, epithelia were exposed to either SHAM (mucosal pH = 6.2) or ACID (mucosal pH 5.2). The pH of all serosal buffer solutions was 7.4. For the recovery period, both the mucosal and serosal buffer solutions were replaced and radioactivity was added. Signifi cant effects were detected for the ex vivo measurement period (P = 0.007) and ex vivo measurement period × ex vivo treatment interaction (P = 0.003). The ex vivo treatment did not affect J ms-butyrate (P = 0.44). Means with different letters (a and b) differ signifi cantly (P < 0.05).
the absorptive function of the isolated ruminal epithelia after continuous exposure (14 d) to supplemental butyrate and that exposure to low pH may further decrease the absorptive function. However, there appears to be a discrepancy between the in vivo and ex vivo results.
The apparent discrepancy between the in vivo and ex vivo results can most likely be explained by the experimental model employed. Although attempts were made to mimic physiological conditions with the Ussing chambers, there are a number of differences relative to in vivo settings, which include, inter alia, an absence of blood fl ow and the lack of an impact of absorptive surface area on J ms-butyrate. The absence of blood fl ow for epithelia mounted in Ussing chambers may be a plausible reason for the discrepancy in the results within the current study and for the discrepancy between the ex vivo results and previous studies. Barnes et al. (1983) and Bergman (1990) both noted increased blood fl ow to the reticulorumen after feeding, which also corresponded to the time of peak SCFA concentration in the rumen. Even with a model of acute butyrate provision, Kristensen and Harmon (2004) reported a tendency for greater portal blood fl ow with butyrate supplementation; however, Krehbiel et al. (1992) did not detect changes in blood fl ow with butyrate infusion into normal ruminal contents. Blood fl ow through the epithelium is required for the clearance of SCFA and their metabolites, thereby maintaining a suitable concentration gradient to promote absorption. The absence of blood fl ow in epithelia mounted in Ussing chambers would therefore diminish any potential improvements in the absorptive capacity associated with greater blood fl ow or greater surface area. In fact, changes in the absorptive surface area do not result in greater rates of SCFA fl ux when measured in Ussing chambers (Sehested et al., 1996) . This lack of response for the effect of surface area obviously differs substantially from that observed in vivo using the washed reticulorumen model (Dirksen et al., 1985) . However, Sehested et al. (2000) demonstrated that increasing the ruminal SCFA concentration by feeding concentrate only in the morning rather than in 2 equal portions leads to an increase in the net fl ux of butyrate across the isolated ruminal epithelium in Ussing chambers, but only when the epithelia were exposed to high butyrate concentrations ex vivo; butyrate fl ux was greater when exposed to 50 mM butyrate but not 10 mM butyrate ex vivo. It is not clear why our results differ from those of Sehested et al. (2000) ; however, their approach resulted in an increase of more SCFA than simply butyrate (Andersen et al., 1999) , and thus, it may be that other SCFA such as propionate also contributed to this response.
A second possible explanation for the discrepant results could relate to the differences between acute and chronic exposure to supplemental butyrate. Butyrate has been shown to promote proliferation, and a link between increased ruminal SCFA and parakeratosis has been postulated and shown to reduce the fractional rate of SCFA absorption (Bull et al., 1965; Hinders and Owen, 1965) . It may be possible that butyrate supplementation promoted rapid proliferation and parakeratosis, thereby decreasing J ms-butyrate . This may indicate that under high-concentrate feeding strategies, ruminal butyrate may already be produced in suffi cient quantity and in suffi cient concentration to elicit optimal responses. Unfortunately, we are not aware of data regarding the optimal butyrate concentration or quantity produced for optimal epithelial function.
Supplemental Butyrate and Epithelial Barrier Function
Because barrier function is regulated by tight-cell junctions, G t , which is a measure of transepithelial conductance, can be used as an indicator for barrier function, where a greater G t equates to greater epithelial permeability (Schweigel et al., 2005; Lodemann and Martens, 2006; Penner et al., 2010) . Previous research using isolated ruminal epithelia mounted in Ussing chambers has demonstrated that feeding sheep a greater proportion of dietary concentrate improves the response of the epithelia when exposed to a hyperosmotic challenge (Lodemann and Martens, 2006) . However, we are not aware of previous studies investigating the role of butyrate in the promotion of ruminal epithelial barrier function. Recent studies have elucidated positive effects on barrier function when colonic tissue or colonic-derived cell lines were exposed to greater concentrations of butyrate (Bordin et al., 2004; Peng et al., 2009; Lewis et al., 2010) . Despite the growing knowledge of the effects of increased butyrate concentration in colonic-derived cell lines, until now there have been no studies investigating the effect of supplemental butyrate on barrier function in ruminal epithelia.
In contrast to the positive effects on barrier function for butyrate supplementation reported for colonicderived cells or colonic tissue (Bordin et al., 2004; Peng et al., 2009; Lewis et al, 2010) , the results of this study indicate that increasing the ruminal butyrate concentration does not promote ruminal epithelial barrier function. These conclusions are based upon a lack of response for supplemental butyrate on G t . The discrepancy between the results of this study and those showing that increased luminal butyrate concentration is benefi cial in promoting epithelial barrier function could be due to physiological differences between the ruminal and colonic epithelia. For example, the ruminal epithelium is composed of 4 distinct cell strata with metabolically active basal layers (stratum basal and stratum spinosum) and progressive keratinization moving toward the outer strata (stratum corneum; Graham and Simmons, 2005) . In contrast, the colonic epithelium is composed of a single-cell layer) and does not undergo such drastic changes during cell maturation. Thus, it is possible that there are different underlying mechanisms regulating ruminal epithelial barrier function than colonic barrier function. Future studies are needed to determine the regulation for ruminal epithelial barrier function.
On the basis of the results of this study, we conclude that providing supplemental butyrate decreases the absorptive function without affecting the barrier function of the isolated ruminal epithelium from lambs fed high-grain diets, but the reasons for this response remain unclear. Further studies on the molecular mechanisms governing tight-cell junction formation and assembly and the absorptive metabolism of butyrate could help to elucidate mechanisms enhancing selective permeability of the ruminal epithelium.
